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Aims Using a large, contemporary primary care population we aimed to provide absolute long-term risks of cardiovascular 

death (CVD) based on the QTc interval and to test v/hether the QTc interval is of value in risk prediction of CVD on 
an individual level. 

Methods Digital electrocardiograms from 173 529 primary care patients aged 50-90 years were collected during 2001 -1 1. The Fra- 

and results mingham formula was used for heart rate-correction of the QT interval. Data on medication, comorbidity, and outcomes were 

retrieved from administrative registries. During a median follow-up period of 6.1 years, 6647 persons died from cardiovascular 
causes. Long-term risks ofCVD were estimated for subgroups defined by age, gender, cardiovascular disease, and QTc interval 
categories. In general, we observed an increased risk of CVD for both very short and long QTc intervals. Prolongation of the 
QTc interval resulted in the worst prognosis for men whereas in women, a very short QTc interval was equivalent in risk to a 
borderline prolonged QTc interval. The effect of the QTc interval on the absolute risk of CVD was most pronounced in the 
elderly and in those with cardiovascular disease whereas the effect was negligible for middle-aged women without cardiovas- 
cular disease. The most important improvement in prediction accuracy was noted for women aged 70-90 years. In this sub- 
group, a total of 9.5% were reclassified (7.2% more accurately vs. 2.3% more inaccurately) within clinically relevant 5-year risk 
groups when the QTc interval was added to a conventional risk model for CVD. 

Conclusion Important differences were observed across subgroups when the absolute long-term risk of CVD was estimated based on 

QTc interval duration. The accuracy ofthe personalized CVD prognosis can be improved when the QTc interval is intro- 
duced to a conventional risk model for CVD. 

Keywords QTc interval • Gender • Marquette 12SL validation • Cardiovascular death • Risk prediction 



Introduction 

The QT interval on the surface electrocardiogram (ECG) represents 
the time from the beginning of ventricular depolarization (beginning 
of the QRS complex) to the end of ventricular repolarization 
(end ofthe T wave). Both a shortened and a prolonged ventricular 



repolarization time, reflected in the ECG as a shortened or pro- 
longed QT interval, respectively, are considered as substrates for 
lethal ventricular tachyarrhythmias. At least, this seems to be 
evident for persons with the rare congenital short or long QT syn- 
dromes, characterized by extreme QT intervals at each end of the 
spectrum together with a high risk of sudden cardiac death. ^ 
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On a general population level, several studies have associated the 
heart rate-corrected QT (QTc) interval v/ith the risk of both all- 
cause and cardiovascular death (CVD)? Despite this, there is a lack 
of knowledge on the absolute risks associated with varying degrees 
of QTc interval duration, particularly for community-based indivi- 
duals with more extreme QTc intervals. Moreover, the extent to 
which QTc interval duration is of clinical value in long-term predic- 
tion of CVD on an individual level has not been investigated. This is 
important to examine because CVD is potentially preventable and 
identifying high-risk subpopulations are thus warranted."^ 

Usingalarge, contemporary primary care population, we aimed (i)to 
estimate absolute risks of CVD based on varying degrees of QTc inter- 
val duration within relevant subgroups and (ii) to evaluate whether QTc 
interval duration is of value in personalized long-term risk prediction of 
CVD. We studied this in middle-aged and elderly people; those with a 
reasonable absolute risk of CVD within our study period. 

Methods 

Study population 

In the greater region of Copenhagen, Denmark, the vast majority of 
general practitioners refertheir patients to one core facility (Copenhagen 
General Practitioners' Laboratory, CGPL) for clinical tests, such as bio- 
chemistry and ECG recordings. The Copenhagen EGG study comprises 
all persons who had an ECG recorded at the CGPL on behalf of their 
general practitioner during 2001-11, as described previously.'' For the 
current analysis, we excluded persons <50 or >90 years of age, 
persons with a pacemaker or an implantable cardioverter-defibrillator 
at inclusion,^ or persons with an ECG unsuitable for QT interval meas- 
urement (see Electrocardiography). 

Because our study was register-based with no active participation from 
study subjects, no approval from an ethics committee was required 
according to Danish law. The use of register data was approved by the 
Danish Data Protection Agency. 

Electrocardiography 

All EGGs were recorded digitally and stored in the MUSE® Cardiology 
Information System (GE Healthcare, Wauwatosa, Wl, USA) and were 
later processed using version 21 of the Marquette 12SL algorithm. 
Using the 12SL algorithm, we excluded ECGs with findings inconsistent 
with a valid measurement of the QTc interval (e.g. atrial fibrillation and 
bundle branch blocks). The QT interval was obtained as a representative 
median beat from all PQRST complexes in the 12 leads of the 10 s ECG 
tracing (see Supplementary material online. Appendix for details). QT 
intervals were corrected for heart rate using the Framingham linear re- 
gression formula (QTcprj^n = QT -|- 154[1 -60/heart rate]) or, for sensi- 
tivity analysis, with the Bazett's formula (QTcgaz = QT/[RR interval]'"-^). 
An evaluation of the 12SL algorithm for QT interval measurement com- 
pared with manual measurement is provided in the Supplementary ma- 
terial online. Appendix. 

Clinical baseline variables and endpoints 

Using Danish administrative registers and a unique personal identification 
number assigned to all persons with permanent residence in Denmark, it 
is possible to follow individuals with respect to death, emigration, the use 
of prescription medication, and any hospital, ambulatory, or emergency 
room discharge diagnoses. By using data in these registers, we identified 
individuals with the following baseline variables: heart failure, myocardial 
infarction, valvular heart disease, treatment with angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs), beta- 



blockers, or calcium-antagonists prior to study inclusion, treatment with 
QTc-prolonging drugs (Supplementary material online. Table SI) or 
digoxin at the day of ECG recording, and finally, we constructed a modi- 
fied Charlson co-morbidity index taking several comorbidities including 
diabetes, various cancer diseases, liver diseases, and vascular diseases into 
account (Supplementary material online, 7ob(e 52). The endpoints of 
interest were CVD and non-CVD. These data were retrieved from 
The Danish Register of Causes of Death. Detailed information on the 
identification of covariates and outcomes in the Danish registers are pro- 
vided in the Supplementary material online. Appendix. 

Statistical analyses 

Women and men were separately divided into nine categories based on 
QTc interval distributions with cut-offs at the 1st, 5th, 20th, 40th, 60th, 
80th, 95th, and 99th percentiles. Individual follow-up time began on 
the day of the first ECG recording (index ECG) and ended at death, emi- 
gration, or on 3 1 December 201 1 , which was the end of follow up. A two- 
sided P-value <0.05 was considered statistically significant. Analyses 
were conducted using the Stata 12.0 software package (StataCorp LP, 
College Station, Texas, USA) and R[R Foundation for Statistical Comput- 
ing, Vienna, Austria (URL http://www.R-project.org/)]. 

Association analyses 

We used Cox regression to investigate associations between QTc 
interval duration, obtained from the index ECG, and hazards of all-cause 
death, CVD, and non-CVD. Analyses were performed separately for 
women and men. Cox models were adjusted for conventional risk 
factors that were obtained on the day of inclusion. Age was used as time- 
scale. For all outcomes, the QTc interval subgroup with the lowest 
hazard was chosen as reference group (denoted as optimal QTc 
intervals hereafter). The functional relationship between the non- 
categorized QTc interval and the risk of CVD was assessed using re- 
stricted cubic regression splines (see Supplementary material online, 
Appendix). 

Risk prediction 

Prediction analyses were performed independently for women and men 
in age groups 50-70 and 70-90 years. The personalized risk of CVD and 
non-CVD in the period t-years from index ECG were predicted in a com- 
peting risk framework by combining the two cause-specific Cox regres- 
sion models.' All risk factors were obtained at baseline. Time-on-study 
was used as timescale and age within the current age group was included 
as a risk factor. 

To summarize the personalized risk, we report median 5-year risk of 
CVD in subgroups defined by age (>50 to <70 and >70 to <90 
years), gender, cardiovascular disease (myocardial infarction, heart 
failure, orvalvular heart disease at baseline), and QTc interval categories. 

The discriminative value of QTc interval duration for the purpose of 
CVD-specific risk prediction was evaluated using C-statistics at t-years.'' 
C-statistics were corrected for over-optimism using intemal cross-validation 
based on 1 00 splits of the dataset into training sets for fitting Cox regression 
models and validation sets for estimating C-statistics.^ In the competing risk 
setting, the C-statistic is the ability of the model to correctly rank the CVD 
event times up to time t and to distinguish them from non-CVD event 
times.^ Model calibrations were evaluated by calculating Brier scores.' 

To evaluate reclassification as a result of adding QTc interval to the 
Cox regression models, we defined the following risk categories for 
the predicted risk of CVD and non-CVD within 5 years from the index 
ECG: very low risk (<5%), low risk (>5 to <15%), intermediate risk 
(>15 to <25%), high risk (>25 to <35%), and very high risk (>35%). 
Reclassification was considered appropriate for persons who had an 
event (CVD or non-CVD) within 5 years on study who moved up in 
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risk category and for persons without events (5-years survivors) who 
moved down in risk category when the QTc interval was introduced to 
the model. Similarly, inappropriate reclassification was defined as 
persons with events who moved down in risk category and persons 
without events who moved up in risk category. We did not compute 
the net reclassification index as a summary of the reclassification table.^" 
Proportional hazard assumptions were checked graphically and 
accepted for all Cox models. 

Results 

Study population 

The greater region of Copenhagen has a current population of 1.18 
million citizens. Of these, 341 698 individuals (~29%) had one or 
more ECGs recorded at CGPL during the 11-year period from 
2001 to 2011. Of the individuals referred for ECG recording, a 
total of 173 529 (51%) were eligible for inclusion (Supplementary 
material online, Figure S1). Baseline clinical characteristics of the 
study population are shown in Table 1. The median follow-up time 
was 6.1 years [interquartile range (IQR) 3.3-8.8 years], correspond- 
ing to 1 037 198 person-years. During follow-up, a total of 27 153 



died, of whom 6647 died due to cardiovascular causes. Follow-up 
was 100% with regard to clinical endpoints and emigration. 

Association analyses 

We observed a dose-response relationship between longer QTc 
intervals and the risk of both all-cause, cardiovascular, and 
non-CVD (Figure 1). The association was strongest for CVD in men 
where a QTcpram interval >99th percentile (>466 ms) was asso- 
ciated with a hazard ratio (HR) of 4.08 [95% confidence interval 
(CI) 2.93-5.69, P < 0.001] for CVD compared with men with an 
optimal QTcpram interval (376-387 ms; defined as the reference 
group). We also observed an association between short QTc inter- 
vals and risk of death. This effect was strongest in women where a 
QTcpram interval <1st percentile (£379 ms) was associated with a 
HR of 1.58 (95% C1 1.20-2.09, P = 0.001) for CVD compared with 
women with an optimal QTcpram interval (392-405 ms). The associ- 
ation between short QTc intervals and the risk of CVD was not stat- 
istically significant for men when using categorical analysis. However, 
the spline-based analysis indicated a statistically significant increased 
risk of CVD for men with extremely short QTc intervals (Supplemen- 
tary material online, figure S2). Results based on the Bazett's formula 
are provided in Supplementary material online, figure S3. 



Table I Baseline characteristics of the study population 



i 





Women, age (years) 




Men, age (years) 






Characteristics 


50-70 (n = 


63475) 


70-90 (n = 35650) 


50-70 (n = 56589) 


70-90 (n = 


17815) 


Age — years, median (IQR) 


59 (55- 


64) 


78 (74-82) 


59 (55-64) 


76 (73- 


81) 


Medical history — no. (%) 














Myocardial infarction 


1012(1.6) 




1716 (4.8) 


2689 (4.8) 


1760 (9.9) 




Heart failure 


363 (0.6) 




1152(3.2) 


495 (0.9) 


654 (3.7) 




Valvular heart disease 


221 (0.4) 




446 (1.3) 


257 (0.5) 


250(1.4) 




Charlson co-morbidity score 














0 Points 


50114(79) 




22 707 (64) 


45 555 (81) 


11 033 (62) 




1 Point 


6968 (11) 




6289 (18) 


6309 (11) 


3177(18) 




>2 Points 


6393 (10) 




6654(19) 


4725 (8) 


3605 (20) 




Medication history — no. (%) 














ACE inhibitors or ARBs 


10 702(17) 




9812(28) 


10 958 (19) 


4883 (27) 




Beta-blockers 


11 569 (18) 




8767 (25) 


8846(16) 


4026 (23) 




Calcium antagonists 


8768 (14) 




9719 (27) 


8495 (15) 


4618(26) 




Medication on day of inclusion — no. (%) 














QTc-prolonging medication^ 


5913 (14) 




4456 (13) 


3744 (6.6) 


1844(10) 




Digoxin 


149 (0.2) 




637(1.8) 


183 (0.3) 


311 (1.8) 




Index ECG variables 














Heart rate — b.p.m.: median (IQR) 


70 (63- 


79) 


73 (65-82) 


68 (60-78) 


69 (406 


-431) 


QTcpram interval — ms: median (IQR) 


420 (409 


-432) 


420 (408-433) 


415 (404-427) 


419 (406 


-431) 


QTcpram interval — ms: mean (SD) 


421 (18) 




421 (20) 


416(18) 


419 (20) 




Left ventricular hypertrophy — no. (%) 


1191 (1.9) 




1649 (4.6) 


2945 (5) 


1134 (6.4) 





iq 



ms, milliseconds; CI, confidence interval; SD, standard deviation; IQR, inter-quartile range; b.p.m., beats per minute; ACE, angiotensin converting enzyme; ARBs, angiotensin receptor 
blockers. 

^See Supplementary material online. Table S2 for a comprehensive list. 
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Percentiles 


Range, (ms) 


















Women, age 50-90 Years 


















<1st 


£379 


1 47 (1.28-1.69) 






1.58 (1.20-2.09) 






1 48 (1.26-1,74) 




1st to <5th 


380-391 


1 19 (1.09-1.30) 




• 


1.24 (1.03-1.49) 






1.20 (1.09-1.33) 




5th to <20tti 


392-405 


101 (0-95-1.06) 






1 .00 [Reference] 






1.03 (0.97-1.10) 




20th to <40tti 


406-415 


102 (0.97-108) 




1 


110(0.98-1.24) 






1.02(0.96-108) 


f 


40ttl to <60tti 


416-424 


1 .00 [Reference] 






104(0.92-1.17) 


■ 




1.01 (0.95-1 08) 




60th to <80th 


425-435 


1 no in Q7 1 nfl\ 












1 .uu [MeTerencej 




80th to <95th 


436-451 


1 lu ( 1 u^— 1 .ID) 






inMiH 1 (^n\ 






1 .uo (U.yy— 1 




95th to <99th 


452-469 








1 7*=; M Ri 9 n9\ 






1 19 M m 1 O'W 

1 . 1 Z \\ .<JO— 1 .£.0 1 




£99tti 


2470 


1 .Dz (1 .OO— 1 ■ft) 






z.uy I i.Dy— ^.DOJ 










Men, age 50-90 Years 


















<1st 


<375 








1.35 (0.84-2.17) 










113 (0 90-142) 












1 ,08 (0.83-1 ,40) 




1stto<5th 


376-387 


1 00 [Reference] 






1 .00 [Reference] 






1 .00 [Reference] 




5th to <20th 


388-400 


124 (109-1.40) 






130 (0.97-174) 






1.22(1,06-1.41) 




20th to <40th 


401-410 


1.29 (1.15-1.46) 




■•- 


1.52 (1.15-2.02) 






1,24 (1.09-1,42) 




40th to <60th 


411-419 


1.36 (1 21-1 54) 




-•- 


1.58 (1.20-2.09) 






1.32(1,15-1.51) 


i -■- 


60th to <80th 


420-430 


1.45 (128-1 63) 




-■- 


1.76 (1.33-2.32) 






1.38(1.21-1.57) 




80th to <95th 


431-447 


1 62 (1.43-183) 




-•- 


2.21 (1.67-2.91) 






1.48(1.29-1.70) 


i -•- 


95th to <99th 


448-465 


1.91 (1.67-2.18) 




-■- 


2,82 (2.10-3.79) 






1.69(1.45-1.97) 




299th 


2466 


2.53(2.15-2.98) 






4.08 (2,93-5.69) 






2.14(1.77-2.60) 








0.5 




1 1 

2 4 




1 

0.5 


1 1 

2 4 




-1 — 1 — 1 — 1 — 

0.5 1 2 4 








All-Cause 




Cardiovascular 




Mon-Cardiovascular 








mortality 




mortality 




mortality 



Figure I l^ultivariable-adjusted HRs for all-cause, cardiovascular, and non-CVD by categories of the QTcpr^m interval. All models were adjusted 
for heart failure, myocardial infarction, valvular heart disease, Charlson comorbidity index (0 points, 1 point, or >2 points), treatment with 
ACE-inhibitors or ARBs, beta-blockers, or calcium antagonists prior to inclusion, treatment with QTc-prolonging medications or digoxin on the 
day of ECG recording, left ventricular hypertrophy on the index ECG, and age was used as the timescale. The vertically dotted lines represent a 
HR of 1. The horizontal solid lines represent 95% CIs. 



Absolute risk predictions 

Distributions of 5-year risks of CVD across subgroups are shown in 
Figure 2 and Supplementary material online. Table S3. 

In women aged 50-70 years with an optimal QTcpram interval 
(392-405 ms), the median 5-year risk of CVD was 0.4% (IQR 0.2- 
0.6%) for those without a history of cardiovascular disease and 
1.3% (IQR 0.6-3.1%) for those with a history of cardiovascular 
disease. In the same subgroup of women (age 50-70 years), a 
QTcpram interval >470 ms conferred a 5-year CVD risk of 1.1% 
(IQR 0.6-2.1%) for those without and 4.4% (2.1-8.5%) for those 
with a history cardiovascular disease {Figure 2). 

In women aged 70-90 with a history of cardiovascular disease, we 
observed median 5-years risk of 22.6% (IQR 12.7-35.4%), 11.9% 
(IQR7.0-19.1%),and26.1% (IQR 14.4-37.0%) forQTcpramintervals 
in the ranges of <379, 392-405, and >470 ms, respectively. 

Within age groups, the largest absolute effect of a QTcpram interval 
in the upper 99th percentile (>466 ms) was observed in men with a 
history of cardiovascular disease. In this subgroup, we noted median 



5-year CVD risks of 9,8% (IQR 6.2-17.0%) and 26.4% (IQR 19.3- 
37.7%) for those aged 50-70 and 70-90 years, respectively. The 
absolute risk of having a very short QTcpram interval was generally 
lower in men compared with women {Figure 2). For both age 
groups of men, it is worth noticing that the median 5-year risk was 
lower for the subgroup with cardiovascular disease and an optimal 
QTcpram interval (367-387 ms) than for the subgroups of men free 
of cardiovascular disease but with a QTcpram interval >466 ms 
(figure 2), 

Predicted 5-year risks based on the QTcsaz interval are provided in 
Supplementary material online, Table S4 and Supplementary material 
online, Figure S4. 

Predicted cumulative incidences of CVD for persons with very 
short, very long, and optimal QTc intervals for the various age- and 
gender-determined subgroups are shown in figure 3. 

The importance of the QTc interval for individual risk predictions 
is exemplified by selected risk profiles in Supplementary material 
online, Table S5. 
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Figure 2 Predicted 5-year riskof CVD based on subgroups. Botin models for CVD and the competing models of non-CVD were independently 
performed for women and men in age groups 50-70 and 70-90 years, and contained the following covariates: age as a linear parameter, myocardial 
infarction, heart failure, valvular heart disease, a modified Charlson comorbidity index (0 points, 1 point, or >2 points), treatment with 
ACE-inhibitors or ARBs, beta-blocl<ers or calcium antagonists prior to inclusion, treatment with QTc-prolonging medications or digoxin on the 
day of ECG recording, and left ventricular hypertrophy on the index ECG. Boxes denote the median risks (horizontal line) and interquartile 
ranges (lower and upper border) whereas whiskers denote the 5th and 95th percentiles. Numbers above the whiskers denote the median risk 
for the respective subgroup. Heart rate-correction was based on the Framingham formula (QTcpram). 



Measures of discrimination and calibration 

C-statistics for both CVD and non-CVD within the age and gender 
determined subgroups are provided in Table 2. In general, the dis- 
crimination ability of the model without the QTcp^am interval was 
higher in persons aged 50-70 years compared with persons aged 
70-90 years. Additionally, higher discrimination ability was seen in 
women compared with men and for predictions of CVD compared 
with predictions of non-CVD. The ability to discriminate the risk of 
CVD improved when the QTcpram interval was included in the Cox 
regression models. The improvement was most pronounced in 
men aged 70-90. There was generally no improvement with 
respect to discriminating non-CVD risks {Table 2). Differences in 
Brier scores before and after adding the QTcpram interval to the 
Cox regression models did not indicate problems with calibration. 

Reclassification 

Figure 4 illustrates the effect of QTc interval duration on reclassification 
within the 5-year risk categories. In general, the largest proportion of 



appropriate reclassifications was for persons who died from cardiovas- 
cular disease (9% appropriate vs. 5% inappropriate across all sub- 
groups), whereas inappropriate reclassifications occurred most 
frequently for persons who survived the 5-year period {Figure 46). 
For women aged 50-70 years, 0.3% were reclassified when the QTc 
interval was added to the model, and of these, 0.1% of reclassifications 
were appropriate and 0.2% were inappropriate. A total of 9.5% of 
women aged 70-90 years were reclassified, comprising 7.2% appro- 
priate and 2.3% inappropriate reclassifications. Qf men aged 50-70, 
1 .6% were reclassified, and of these men, 0.8% were reclassified appro- 
priately and 0.8% inappropriately. Finally, for men aged 70-90 years, a 
total of 1 6.9% were reclassified, and of these, 9.3% were reclassified ap- 
propriately and 7.6% inappropriately. 



Discussion 

In a primary care population comprising >170 000 middle-aged and 
elderly women and men, we estimated long-term prognoses of CVD 
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Figure 3 Cumulative incidence based on QTcpi-am interval subgroups. Predictions v\/ere based on Coxmodelsfitted within the respective age- and 
gender-determined subgroups and were adjusted for covariates as described in figure 2. Optimal QTcpram intervals were the QTcpram intervals that 
were associated with the lowest relative risl< of CVD {Figure I). 



Table 2 C-statistics (%) with and witliout QTcpram interval 







Women, age (years) 




Men, age (years) 






Model 


50-70 (n = 63 475) 


70-90 (n = 35 650) 


50-70 (n = 56 589) 


70-90 (n = 17 815) 


CVD 


l^odel without QTCpram 


73.0 


70.4 


69.9 


66.8 




l^odel with QTCpram 


73.1 


70.6 


70.6 


67.7 




Difference 


-1-0.1 


-1-0.2 


+0.7 


-1-0.9 


Non-CVD 


Model without QTCpram 


70.1 


64.8 


67.2 


63.0 




Model with QTCpram 


70.0 


64.8 


67.6 


62.9 




Difference 


-0.1 


-1-0.0 


+03 


-0.1 



C-statistics was based on internal cross validation using 100 bootstrap samples without replacement. Predictions were based on Cox models fitted within the respective age- and 
gender-determined subgroups and were adjusted for covariates as described In Figure 2. 
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Figure 4 (A) Reclassification within various 5-year risk categories based on predictions with and without QTcpram interval. The predictive models 
are described in F/gure 2. Very low risk was defined as <5% risk of dying within 5 years, low risk was >5to < 15%, intermediate risk was >15to 
<25%, high risk was >25% to <35%, and very high risk was defined as >35% risk of dying within 5 years (indicated by grey lines). Red and 
orange dots (CVD and non-CVD, respectively) above and green dots (survivors) below the squares with the black borders denote appropriate 
reclassifications whereas red and orange dots below and green dots above denote inappropriate reclassifications. Dots within the black-bordered 
squares denote individuals who were not reclassified. (6) Summary of reclassifications by subgroups. Numbers above or below columns denote the 
absolute number of appropriate and inappropriate reclassifications, respectively. 



based on the QTc interval duration across subgroups and calculated 
measures of discrimination and reclassification. 

To enable comparison with previous studies on the QTc interval, 
we initially investigated the association between QTc interval dur- 
ation and the risk of death. These analyses revealed an increased 



riskofall-cause, cardiovascular, and non-CVD with longer QTc inter- 
vals, an association that was strongest for CVD in men. This finding is 
consistent with previous studies that virtually agree on an association 
between prolonged QTc intervals and the riskof death in the general 
population.^^'^^ In contrast to longer QTc intervals, it has been less 
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clear whether very short range QTc intervals also confer an 
increased risk of death for community-based individuals. We found 
a dose-response relationship between QTcpram interval shortening 
and the risk of CVD in women aged 50-90 years. However, in men, 
this association was only statistically significant for extremely short 
QTcpram intervals when applying a spline-based approach (Supple- 
mentary material online, F/gureS2). In a Finnish population comprising 
~11 000 individuals, a very short QTc interval was not associated 
with an increased risk of death. Zhang et ol. also performed a 
study of QTc interval duration and risk of death applying an approach 
much like ours and by this investigated a wider spectrum of the QTc 
intervai.^^ In this study, QTc intervals <5th percentile conferred an 
increased risk of all-cause mortality but this association was not stat- 
istically significant with respect to CVD. 

It is noteworthy that relatively large statistical power seems to 
be required to detect a signal in the shorter QTc interval range 
compared with the longer range as evidenced by the relatively 
smaller point estimates and wider confidence limits for shorter 
compared with longer intervals. This may explain why most previ- 
ous studies have been unable to identify an increased risk for 
community-based individuals with QTc intervals in the very short 
range.^ 

Although testosterone seems to play an important role in cardiac 
repolarization,^^ we cannot explain the differences in QTc interval 
risk profiles that we observe for the two genders and future research 
on this are thus warranted. 

Absolute rather than relative risks are preferable for clinical deci- 
sion making. Therefore, beyond examining associations, we esti- 
mated absolute long-term risks of CVD for various subgroups and 
by this revealed some interesting findings. The absolute effect of 
QTcpram interval duration on the risk of CVD appears negligible for 
women aged 50-70 years without a history of cardiovascular 
disease. However, for women aged 70-90 years and for women 
aged 50-70 years with a history of cardiovascular disease, the abso- 
lute risk related to eithera very short or long QTc interval appears to 
be clinically relevant. Interestingly, we found that middle-aged and 
elderly women with very short QTcpram intervals and a history of car- 
diovascular disease had an absolute risk of CVD that was as high or 
higher as women with a borderline prolonged QTcpram interval. 
With respect to middle-aged and elderly men, we observed higher 
average risk of CVD for those with a QTcpram interval that was 
only borderline prolonged, and even higher risks for those with a 
very long QTcpram interval, compared with men with a history of 
myocardial infarction, heart failure, and/or valvular heart disease 
and a QTcpram interval within the normal range. This finding indicates 
an on average worse outcome for men with long QTcpram intervals 
than men with a history of cardiovascular disease. In particular, the 
one man in a hundred with the longest QTc interval seems to be at 
an increased risk of CVD to an extent that should not be ignored 
in clinical practice. 

To test the potential implications of using the QTcpram interval 
in future risk models of cardiovascular mortality, we calculated 
measures of discrimination and evaluated reclassification across sub- 
groups. Of these two measures, we primarily relied on reclassifica- 
tion because c-statistics is known to be limited when evaluating 
prediction models for which the task is to assess future risks in a 
largely healthy population. When the QTcpram interval was added 



to a 5-year risk model that already contained several conventional 
risk factors for CVD, it did not significantly improve reclassification 
for the 50-70-year women and men. In fact, only ~1% of the 
persons in these two subgroups were reclassified. However, of 
those who actually died due to cardiovascular causes, reclassification 
was often appropriate. The impact of the QTcpram interval on perso- 
nalized risk prediction appears to be of greater value in 70- 
90-year-old compared with middle-aged. This finding was particular- 
ly evident in women where a total of 9.5% of the 70-90-year-old 
were reclassified and of whom 7.2% were reclassified more accurate- 
ly. We believe that such an impact on reclassification potentially may 
have future clinical implications. 

All ECGs were analyzed digitally thus avoiding any intra- or inter- 
observer variability. The 12SL algorithm is widely used, has been 
approved by the US Food and Drug Administration for use in pharma- 
ceutical studies, and it has been validated extensively with regard to 
QT interval measurement.^^"^' In addition, we undertook our 
own validation study and found a good overall agreement between 
the 12SL algorithm and manual measurements of QTcpram intervals 
<500 ms. The consistency between measurements deteriorated 
for QTc intervals above 500 ms although there was no evidence of 
a systematic bias (see Supplementary material online. Appendix 
and Supplementary material online. Figure S5). 

We used the Framingham formula for heart rate-correction of 
the QT interval because this formula is widely used, because it is 
based on empirical data from a large population sample rather 
than hypothetical reasoning,^" and because linear regression func- 
tions rather than for instance Bazett's formula has been recom- 
mended in recent guidelines. However, for comparability with 
previous studies on the QTc interval, we also provide some 
results for the widely used Bazett's formula (Supplementary mater- 
ial online. Appendix). Although heart rate-correction with the use 
of Bazett's formula resulted in a lower risk for short QTc intervals 
and a higher risk for longer QTc intervals compared with the 
Framingham formula, using the two different formulas resulted in 
similar trends. 

Limitations 

Despite a sample size of > 170 000 persons and almost 7000 CVD 
events, this study has some important limitations. 

We restricted our analyses to persons aged 50-90 years old; thus, 
our data should not be extrapolated to other age groups. We chose to 
examine only middle-aged and elderly persons because we also aimed 
to provide absolute riskestimates forthe extremes ofthe QTc interval. 
Relatively few events of CVD are observed in those younger than 50 
years with a QTc interval < 1st or >99th percentile; thus, risk esti- 
mates would be difficult to estimate in this group. Therefore, an alter- 
native approach is necessary for examination of young groups. 

Although the average 5-year risk of CVD presented provides some 
information forthe purpose of risk prediction on an individual level, it 
is obvious that risk prediction should ideally be performed on an in- 
dividual level rather than for a subgroup, in which individual risks can 
vary considerably (Figure 2). Although afew examples of some single- 
subject predictions are presented in Supplementary material online. 
Table S5, the purpose of this study was not to develop a novel perso- 
nalized risk model based on ECG parameters but rather to provide 
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the reader with an impression of absolute risks associated with 
varying degrees of QTc interval duration within relevant subgroups. 

Despite the fact that the QTcpram interval might improve risk predic- 
tion on an individual level, this does not necessarily mean that lives can 
be saved. In this regard, future trials have to address whether treatment 
strategies modified based on the QTcpram interval will improve survival. 

Another limitation to our study is that we do not know the indica- 
tion for the general practitioners referral of an individual to electro- 
cardiography and this has undoubtedly lead to some selection bias. 
However, we believe that our study population is a clinically relevant 
representation of individuals in whom an ECG would be considered 
and hence used as a tool for risk prediction of CVD. 

Finally, due to a lack of information on some important cardiovas- 
cular risk factors, such as body mass index, blood pressure, and 
smoking status, we were unable to evaluate the performance of the 
QTcpram interval with respect to some of the most commonly used 
cardiovascular risk models.^ However, we were able to adjust our 
predictive models for several cardiovascular risk factors and diseases 
that are likely intermediate phenotypes for the possible confounding 
effect of body mass index, blood pressure, and smoking status on the 
relationship between QTcpram interval duration and the risk of CVD. 
Additionally, we were able to adjust for treatment with antihyperten- 
sive medication as a proxy for hypertension. 



Conclusion 

In a contemporary primary care population comprising > 170 000 
middle-aged and elderly people, we estimated long-term risks of 
CVD based on QTcpram interval duration and observed important dif- 
ferences between subgroups. We observed an increased risk of CVD 
for both very short and long QTcpram intervals in both genders. 
However, QTcpram interval prolongation resulted in the worst progno- 
sis for men whereas in women, a very short QTcpram interval was 
equivalent in risk to having a borderline prolonged QTcpram interval. 
In general, the effect of QTcpram interval on the absolute risk of CVD 
was most pronounced in the elderly and in those with prior cardiovas- 
cular disease whereas the effect was negligible for middle-aged women 
without cardiovascular disease. The QTcpram interval may improve the 
accuracy of long-term CVD prognosis on an individual level when 
added to conventional risk models for CVD. 
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Leonardo da Vinci described (~1512-13) multiply 
'layered' vortices that he postulated occurred in 
the proximal aorta. To demonstrate these, he con- 
structed a glass model in which blood flow was simu- 
lated by grass seeds suspended in water. However, 
neither Leonardo nor twentieth century investiga- 
tors could study these events in vivo. Here, 500 
years after Leonardo's original observation, we use 
time-resolved magnetic resonance techniques to 
map aortic root blood flow using encoded three- 
dimensional vector fields in a human subject. Leo- 
nardo proposed that vortices, effecting partial 
reverse flow in the proximal aorta, would aid 
closure of the aortic valve in diastole. Unaware of 
the circulation of blood, Leonardo also conjectured 
that the vortices played a role in dissipating its 
kinetic energy, depicting multiple vortices through 
the ascending aorta. 

To visualize flow haemodynamics in the aortic 
sinuses, a cardiovascular magnetic resonance acqui- 
sition was performed on a 3 Tesia system. A retro- 
spective ECG-gated flow-sensitive gradient-echo 
pulse sequence was used with a velocity encoding 
of 1.4 m/s, a spatial resolution of 2.2 x 2 x 2 mm^ 
and a temporal resolution of 40 ms. This technique 

allows interrogation of the complex blood flow patterns in the aortic root according to the phase of the cardiac cycle. 

Here, we confirm in a human in vivo, that Leonardo's prediction of systolic flow vortices was accurate and that he provided a strikingly 
precise depiction of these vortices in proportion to the aortic root. However, the postulated secondary vortices do not occur in the normal 
aorta, where distal flow is laminar. 

(Panel A) Six sequential velocity encoded images of blood flow in the aortic root of a normal male subject showing laminar flow in early 
systole through the open aortic valve. High velocity blood (red) during mid-systole occupies the central portion of the aorta. At the per- 
iphery, a vortex is clearly seen, corresponding to reversed flow in the coronary sinus {third and fourtli panels) with dissipation by end systole 
{sixth panel). {Panel 6) Leonardo's annotated representation of blood flowthrough the aortic valve proposed multiple vortices in the sinuses 
and proximal ascending aorta. (Pone(C) The composite figure shows the close congruity between postulated and measured blood vortices 
in the aortic root Leonardo's highly accurate representation of the size and position of the sinus vortex in relation to the aortic root 
(Supplementary material online, DaVinci Movie). (Images from Leonardo drawings used with permission of the Royal Collection Trust*^ 
Her Majesty Queen Elizabeth II 2013.) 



Supplementary material is available at European Heart Journal online. 
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